We investigated the glycoconjugates of the human bronchial glands at light and electron miaoscopic level by means of lectin histochemistry in combination with neuraminidase digestion and f3-elimination reaction. Both direct and indirect techniques using lectin-peroxidase, lectin-gold, and glycoprotein-gold complexes were applied. The binding pattern of the six lectins (ConA, HPA, DSA, WGA, LFA, and PNA) used in the present study suggests that mucous and serous cells of human bronchial glands contain both Nand O-glpsylated proteins in the secretory granules. Asparagine-linked oligosaccharides containing Gal(f3-1,4) GlcNAc and Man residues were abundant in serous cells. The demonstration of both the terminal Neu 5Ac (a-2,3, or 6) 4) 
Introduction
Human bronchial secretion contains a variety of components: water, lipids, salts, and several proteins, including immunoglobulin A, lysozyme, and different glycoproteins (Miner et al., 1986; Boat and Cheng, 1980) . Thr glycoproteins of the human bronchi constitute a heterogeneous group of substances that have been demonstrated in both serous and mucous bronchial glandular cells (Plotkowski et al., 1990; Schulte and Spicer, 1983a; Spicer et al., 1983a,b; Mazzuca et al., 1982; Lamb and Reid, 1970; McCarthy and Reid, 1964) . Biochemical studies have classified glycoproteins according to the nature of the link between the oligosaccharide chains and the polypeptide. Two families have been considered: Nand 0-linked glycoproteins. N-glycosidic bond is established between N-acetylglucosamine (GlcNAc) and the amide nitrogen of asparagine (GlcNAc [Pl-N] Asn). The 0-glycosidic bond presents a variety of links, the most important being the mucin type in which the oligosaccharide chains are linked from N-acetyl-D-galactosamine to the hydroxyl groups of L-serine and/or L-threonine ( W A C [a-1,3] Ser or GalNAc [a-1,3] Thr) (Laboisse and Bogomoletz, 1989;  Supported by a grant from DGICYT PB-87-0701 (Spain).
* To whom correspondence should be addressed. GlcNAc sequence in the N-linked oligosaccharides of mucous cells and the terminal disaccharide Gal (f3-1,4) GlcNAc in the N-linked oligosaccharide chains of serous cells suggests the existence of complex type sugar chains N-glycosidically linked to the peptide region of the glycoproteins. The binding pattern of the DSA and the neuraminidase-DSA sequence provides evidence for the existence of sialyltransferase activity in the forming mucous granules of mucous bronchial cells. (JHistochem Cgtochem &:265-274, 1992) KEY WORDS: Human bronchial glands; Glycoproteins: Electron microscopy; Lectins. Montreuil et al., 1986; Roth, 1984) . Some lectins may preferentially bind to either 0or N-linked glycoproteins. Thus, concanavalin A (ConA) shows a strong reactivity with mannose residues (Man) that are normally found in N-linked oligosaccharide chains (Osawa and 'Euji, 1987; Mazzuca et al., 1982) . In contrast, wheat germ agglutinin (WGA) reacts with both types of glycoproteins (Osawa and 'Euji, 1987) and Hehkponuztia agglutinin (HPA) interacts with N-acetylgalactosamine (GalNAc), which is normally found in 0-linked oligosaccharides of mucin-type glycoproteins (Roth, 1984; Uhlenbruck and Prokop. 1966) . The mucous secretions contain large amounts of glycoproteins with 0-linked carbohydrate chains, which play protective, barrier, and transport functions (Kaliner et al., 1986) . Histochemical studies have indicated that serous cells contain N-linked glycoproteins, such as immunoglobulin secretory component and bronchotransferrin (Mazzuca et al., 1982; Brandtzaeg, 1977; Masson et al., 1966) .
The ultrastructural application of colloidal gold-conjugated lectins in combination with biochemical determinations in different cells and tissues has disclosed the synthetic pathways of the glycoproteins at the ultrastructural level Wasano et al., 1988; Roth, 1984) . However, this technology has not been applied to the adult human bronchial epithelium. In the present study, the identification ofthe intracellular compartments to which the lectins bind in combination with neuraminidase digestion and p-elimination reaction has provided new information on the types and biosynthetic pathways of the glycoproteins contained in the human bronchial glands.
Materials and Methods

Reagents
Peroxidase-labeled lectins (ConA, WGA, PNA, HPA). neuraminidase (Type V from Clostridium perfringens), N-acetylglucosamine, N-acetylgalactosamine, a-methyl-mannopiranoside, P -D-galactose (Gal), N-acetyllactosamine, N-acetylneuraminic acid (Neu SAC), fetuin-gold. ovomucoid, Datura stramonium agglutinin (DSA), WGA, ConA, horseradish peroxidase (HRF'), bovine serum albumin (BSA), and 3,3'-diaminobenzidine tetrahydrochloride were purchased from Sigma (Poole, Dorset, UK). The lectin from Limax fivus (LFA) was from Calbiochem (La Jolla, CA). Unlabeled HPA was from Pharmacia Fine Chemicals (Uppsala, Sweden). Polyethylene glycol (PEG) (MW 20,000), sodium citrate, potassium carbonate, sodium ascorbate, and tetrachloroauric acid (HAuC14.2H20) were obtained from Merck (Darmstadt, Germany). The carbohydrate binding specificity of lectins is summarized in Table 1 .
Tissue Processing
Samples of histologically normal human bronchial mucosa were obtained from 10 cases of surgical removal of malignant tumors.
For light microscopic study, tissue was fixed in 10% formalin in PBS, pH 7.4, for 6 hr, embedded in paraffin, and 5-pm sections obtained.
For electron microscopic study, samples were fixed in 1% glutaraldehyde in PBS for 2 hr, washed in PBS, and treated with 0.5 M NH4CI in PBS for 1 hr to amidinate free aldehyde groups. After washing in PBS, tissue fragments were dehydrated at progressively lower temperatures (minimum -35'C) and embedded in Lowicryl K4M at -35'C (Roth, 1989; Carlemalm et al., 1982; Roth et al., 1981) . Ultra-thin sections were mounted on formvar-carbon-coated nickel grids.
Preparation of Lectin-Gold and Glycoprotein-Gold Complexes
Monodisperse colloidal gold solutions with a mean particle diameter of 14 and 10 nm were prepared according to Frens (1973) and Slot and Geuze (1985) , respectively.
Protein-gold complexes were prepared by mixing 10 ml of colloidal gold with 1 ml of doubly distilled water containing either 65 pg of HPA (pH 7.4), 16 pg of ovomucoid (pH 4.8). or 65 pg of horseradish peroxidase (pH 7.5). The amounts of these substances needed to stabilize the colloidal gold solution and the optimal pH were estimated by the salt floculation test according to the method of Geoghegan and Ackerman (1977) . After conjugation, PEG (0.1%) was added and the colloid was centrifuged at 60,000
x g for 1 hr at 4'C. The pellets were re-suspended in 1.5 ml of PBS containing 0.02% PEG and 0.02% sodium azide and were stored at 4'C.
Cytochemical Labeling
Light Microscopy. Lectin-peroxidase histochemical staining was performed as previously described (Castells et al., ,1991 Madrid et al., 1989) . After blocking endogenous peroxidase activity with 0.3% hydrogen peroxide, the sections were incubated for 2 hr with the following peroxidaseconjugated lectins: PNA (12 pg/ml), ConA (20 pglml), WGA (6 pglml), and HPA (6 pg/ml). Peroxidase was developed with 0.05% 3,3'-diaminobenzidine tetrahydrochloride and 0.015% hydrogen peroxide. For DSA and EA, sections were incubated for 1 hr in DSA (25 pg/ml) and LE4 (100 pg/ml), rinsed in PBS, and transferred to a drop of ovomucoid-gold (1:60) and fetuin-gold (1:50) complexes, respectively, for 1 hr. Then sections were rinsed in PBS and distilled water. Gold labeling was amplified with the silver lactate photochemical reaction (Roth, 1989) . After dehydration, sections were cleared in xylene and mounted in DPX.
Electron Miaompy. For histochemical detection of sugar residues, onestep and two-step methods were employed. The one-step method was used for HPA. Ultra-thin sections were incubated for 5-10 min in PBS containing 0.5% BSA. Then they were incubated with gold-labeled HPA (1:50) diluted in PBS containing 0.5% BSA and 0.05% Tween 20, for 1 hr at room temperature. After two rinses with PBS, followed by two rinses with doubly distilled water, grids were counterstained with uranyl acetate and lead citrate. The two-step method was employed for ConA, WGA, DSA, and LFA (Egea et al.. 1989; Roth, 1983a,b) . After incubation in 0.5% buffered BSA, the grids were transferred to a drop of unlabeled ConA (200 pg/ml), followed by gold-labeled HRP (1:25), WGA (25 pglml) followed by ovomucoid-gold complex (1:50), DSA (25 pg/ml) followed by ovomucoid-gold complex(1:50), andLFA (100 pg/ml)followed byfetuin-goldcomplex(1:25) for 1 hr in each step. Then the grids were washed in PBS, except for ConA. %is-bufkred saline, pH 7.4 (TBS), supplemented with 1 mM MgClz, CaC12, and MnC12, was used for ConA. After two rinses with doubly distilled water, grids were counterstained as above mentioned.
Enzyme and Chemical TTeatments
For light microscopy, digestion with neuraminidase followed by lectin staining was performed to establish the existence of Neu5Ac. The protocol has been previously reported (Castells et al., ,1991 .
For electron microscopy, grids were washed in TBS followed by a solution of acetate buffer (pH 5.5). They were then transferred to a drop of acetate buffer containing 2 % BSA for 10 min and incubated for 30 min at 37'C in acetate buffer containing 0.5 units neuraminidase per ml and 2% BSA. The cytochemical labeling protocol was then followed as described before.
The P-elimination reaction was performed as previously described (Egea et al., 1989) . Sections were incubated at 37'C with 0.2 N NaOH for 12 hr. After extensive rinses with distilled water the sections were incubated with peroxidase-labeled HPA to investigate the existence of 0-linked glycoproteins in both serous and mucous cells.
Controls
The following controls were used: (a) substitution of conjugated and unconjugated molecules (ConA-HRP, WGA-HRP. P N A -W , HPA-HRP, C o d . WGA. HPA-gold labeled, LFA. DSA, ovomucoid-gold labeled, HRP-gold labeled, fetuin-gold labeled and neuraminidase) by the corresponding buffer: and (b) pre-incubation of the lectins with the corresponding hapten sugar inhibitors (N-acctylglucosamine for WGA. a-methyl-mannopira-noside for ConA, N-acetylgalactosamine for HPA, galactose for PNA, N-acetyllactosaminc for DSA. and N-acetylneuraminic acid for LFA). The hapten sugar inhibitors were employed from 0.05 M to 1 M. Complete abolishment of staining was obtained at 0.2 M, except for N-acetyllactosamine. DSA staining was greatly reduced by pre-absorption with N-acetyllactosamine (Figures 10a and lob) . However, complete abolishment of staining was not achieved at sugar inhibitor concentrations up to 1 M. Similar results have been previously reported by Egea et al. (1989) .
Control of the effectiveness of the P-elimination reaction was performed as follows: sections of human fundic mucosa and rat small intestine were processed for P-elimination and stained with HPA-HRP and ConA-HRP. Reactivity to HPA was abolished in typical mucous cells (mucous neck cells and surface mucous cells in fundic mucosa and goblet cells in small intes- 
Results
Light Microscopy
The submucosal glands of the human bronchi include both mucous and serous cells. The luminal surface of mucous cells was reactive to WGA, LFA, and DSA. Mucous granules were strongly stained by WGA ( Figure  1 ) and LFA; in some samples a weak reaction to PNA was also observed. Mucous cells showed a variable reactivity to HPA. The Golgi area of these cells was labeled by WGA, DSA, and LFA. In mucous cells, ConA only reacted with the cytoplasmic region free of secretory granules.
Secretory granules of serous cells were reactive to ConA, WGA ( Figure I) , LFA, and DSA. The Golgi area of these cells was labeled by HPA ( Figure 2 ) and WGA. After neuraminidase digestion, secretory granules of both mucous and serous cells and Golgi area of mucous cells failed to react with WGA (Figures 3a and 3b ) and LFA; however, no change in WGA reactivity was detected in the Golgi area of serous cells (Figure 3b ). Neuraminidase treatment caused a marked increase of PNA and DSA reactivity in mucous and serous cells. After 0-elimination, HPA staining was abolished in mucous and serous cells.
Electron Microscopy
The lectin binding pattern is summarized in Tables? and 3. In the mucous cells, the luminal surface was labeled by LFA, WGA, and DSA. Rough endoplasmic reticulum (REX) showed affinity for Table 3 . Summaty of lectin binding intensity in serous cells" 
When a specific region of the Golgi complex was predominantly labeled the
ConA and DSA. The Golgi complex of mucous cells reacted with ConA, DSA, WGA, LFA, and HPA. Binding of ConA was detected over cis-Golgi cisternae. DSA labeled cis-, intermediate, and trans-Golgi cisternae; however, WGA and LFA reactivity was preferentially observed over the trans-Golgi cisternae (Figure 4) . Mature and forming mucous granules were intensely labeled by WGA and LFA (Figures 4-6 ). An intense DSA reactivity was detected in forming mucous granules ( Figure 7a ); however, in mature mucous granules DSA bound only to the limiting membrane of the granules. After neuraminidase digestion, the content of both forming and mature mucous granules was reactive to DSA (Figure 7b) .
The luminal surface of serous cells showed a slight reactivity to ConA, WGA, and LFA (Figures 8 and 9 ) and was intensely labeled by DSA. Cisternae of RER showed a diffuse reactivity to ConA and DSA. The Golgi complex showed a moderate reactivity to ConA, HPA, DSA, and WGA. Binding of HPA was prderentially observed over cis-Golgi cisternae while LFA-reactivity was predominantly detected over the trans side of the Golgi complex. Secretory granules were densely labeled by ConA, DSA, WGA, and LFA (Figures 8-11 ). After neuraminidase digestion, some serous granules lying close to the Golgi region remained reactive to WGA (Figure 12 ). Basolateral plasma membranes of mucous and serous cells were strongly reactive to DSA and moderately labeled by LFA.
Discussion
In the present study, the subcellular distribution of the glycoconjugates of the human bronchial glands has been established using colloidal gold as an electron-opaque marker for the demonstration of lectin binding sites.
In the serous cells of human bronchi, labeling by ConA was detected in the RER, Golgi complex, and secretory granules. Previous studies have also detected reactivity to ConA in serous cells of mammalian airways (Casteh et al., 1990; Plotkowski et al., 1990) . ConA has shown specificity for Man residues, which are usually found in N-linked glycoproteins. The initial step in the glycosylation of N-glycosylproteins occurs in the RER and consists of the en bloc transference of the inner core of the oligosaccharide (three glucoses, nine mannoses, and two N-acetylglucosamines) from the lipid carrier (dolichol phosphate) to the asparagine of the nascent peptide chain (Schachter et al., 1983; Hubbard and Ivatt, 1981) . ConA-peroxidase-gold labeling found on the RER might be due to the nascent glycoproteins processed in the endoplasmic reticulum (Londofio and Bendayan, 1987) . The following steps in the glycosylation of N-glycosylproteins are carried out in the Golgi complex, from which the glycoproteins are transferred to the secretory granules. The consistent ConA labeling observed in these compartments may be related to the high mannose content of the glycoproteins. Reactivity to LFA in trans-Golgi cisternae and secretory granules of both serous and mucous cells indicates the existence of Neu 5Ac residues in the glycoproteins contained in these cells. Labeling by LFA of the trans side of the Golgi complex suggests that incorporation of Neu SAC into the glycoproteins occurs at the final stage of the glycosylation pathway. Results obtained with the sequence neuraminidase-WGA and neuraminidase-LFA further confirm these findings; thus, after neuraminidase digestion, no reactivity to WGA and LFA was observed in mature secretory granules of neither serous nor mucous cells. Furthermore, reactivity to PNA and . . : DSA in mucous cells increased after neuraminidase treatment, thus indicating the existence of terminal Neu 5Ac residues that interfered with the binding of the lectins to the sugars. However, the reactivity to WGA in the Golgi area of serous cells and those serous granules lying close to the Golgi region was not modified by predigestion with neuraminidase. This suggests that WGA reactivity in this area was caused by GlcNAc residues which show high affinity for WGA (Debray et al., 1981) . The lectin DSA shows affinity for the disaccharide Gal (p-1,4) GlcNAc (N-acetyllactosamine) contained in the asparagine-linked oligosaccharides (Yamashita et al., 1987) and also interacts with terminal GlcNAc residues (Crowley et al., 1984;  Debray et al., 1981) . The disaccharide N-acetyllactosamine has been detected by histochemical techniques in N-linked glycoproteins of sheep submandibular glands and several organs of rat (Egea et al., 1989 ). In the present study, reactivity to DSA was observed in the RER, Golgi complex, and secretory granules of human bronchial serous cells, where abundant N-linked glycoproteins have been detected (Mazzuca et al., 1982; Brandtzaeg. 1977; Masson et al., 1966) . However, in mucous cells, where 0-linked glycoproteins are activcly produced, labeling by DSA was also observed in RER, Golgi complex, and forming mucous granules, thus suggesting the occurrence of N-linked glycoproteins. A recent study has also suggested that some human intestinal goblet cells contain both N-and 0-linked glycoproteins (Phillips and Frisch, 1990) . In our findings, labeling by DSA on RER may correspond to membrane glycoproteins. The Golgi complex and forming mucous granules of mucous bronchial cells were labeled by DSA; however, no reactivity was detected in the mu-cous content of mature granules. DSA reactivity in the lumen of mature mucous granules was observed only after neuraminidase digestion, indicating that terminal residues of Neu 5Ac interfered with the binding of the lectin. These findings also indicate that sialylation on the Gal (p-1,4) GlcNAc sequence occurs in post-Golgi apparatus structures (i.e., forming mucous granules). This was not unexpected, since immunostaining for sialyltransferase has been demonstrated in various post-Golgi structures including limiting membrane and lumen of forming and mature mucous granules of rat intestinal goblet cells (Taatjes and Roth, 1988;  Taatjes et al., 1988) . Glycoproteins contained in secretory granules of serous cells had abundant terminal Neu 5Ac residues; however, no interference with the DSA reactivity was observed. This finding might be interpreted as the occurrence of asparagine-linked oligosaccharides containing the terminal disaccharide Gal (p-1,4) GlcNAc in addition to 0and/or N-linked oligosaccharides with terminal Neu SAC residues. The DSA binding pattern of both mucous and serous cells suggests the existence of complex-type sugar chains N-glycosidically linked to the peptide region of the glycoproteins. The demonstration of the terminal sequence Neu 5Ac (a-2,3 , or 6) Gal (p-1,4) GlcNAc in mucous cells and terminal N-acetyllactosamine in serous cells suggests the existence of complex-type sugar chains N-glycosidically linked to the peptide region of the glycoproteins.
HPA interacts specifically with terminal GalNAc residues (Roth, 1984;  Uhlenbruck and Prokop, 1966) . These residues establish the link between Ser or Thr and the oligosaccharide chain of the mucintype 0-linked glycoproteins and are found at the non-reducing terminus of blood group A active oligosaccharides. Sugar chains .. exhibiting blood group A activity have been demonstrated in human tracheobronchial mucus (Boat and Cheng. 1980) . Therefore, the variable HPA reactivity observed in mucous granules might depend on the blood group A status. In the present study, an intense HPA labeling was observed on the &Golgi cisternae of both serous and mucous cells. Previous experiments (Roth. 1984) have demonstrated that core 0-glycosylation takes place in cis-Golgi cistemae where the initial GalNAc residue of the core is situated temporarily in the terminal positions, thus being accessible to HPA. The present findings indicate that both serous and mucous cells ofthe human bronchial glands might synthesize mucin-type 0-linked glycoproteins. Furthermore, after the p-elimination reaction, which removes 0-glycosidically linked oligosaccharides (Egea et al.. 1989) . no reactivity to HPA was found in either serous or mucous cells. These findings provide new data to clarify the controversy about the validity of the concept of mucous and serous cells. Some years ago, Schulte and Spicer (1983b) demonstrated the presence of both 0and N-linked oligosaccharide in both serous and mucous cells of salivary glands. They proposed a system of nomenclature based on the ultrastructural morphology and the relative content of glycoconjugates of the cell in question. Thus, mucous cells would contain scant RER and a population of large, confluent secretory granules. The granules would reveal a lucent matrix and disclose relatively abundant neutral or acidic complex carbohydrates by cytochemical methods. Serous cells would show abundant RER and a uniform population of separated secretory granules containing a lower level of either acidic or neutral complex carbohydrates. The results of the present study support the above classification system.
In summary, the present results suggest the occurrence of both Nand 0-glycosylated proteins in the secretory granules of serous and mucous cells of human bronchial glands. Application of several lectins in combination with neuraminidase digestion and p-elimination reaction indicates the existence of asparagine-linked oligosaccharides containing N-acetyllactosamine and mannose residues in serous cells, and complex-type oligosaccharides N-glycosidically linked to the peptide region of the glycoproteins in mucous cells. Histochemical results obtained with both the lectin DSA and the sequence neuraminidase-DSA suggest the existence of sialyltransferase activity in post-Golgi structures of human mucous bronchial cells.
